integrity outside the renal vasculature would contribute to the oedema formation in the PAN nephrotic Background. The nephrotic syndrome is characterized by generalized oedema considered to be due to the fall syndrome. in serum albumin and to sodium retention. The aim of the present study was to investigate whether a generalized disturbance in vascular integrity contrib-Introduction utes to the oedema formation. Methods. We used the PAN-(puromycin aminonucleo-The integrity of vascular endothelium is of paramount side) nephritis model in order to induce the nephrotic importance to maintain and regulate intravascular syndrome in female Wistar rats. Eight rats were given volume and to control fluid and macromolecular PAN, 15 mg/100 g body weight, intraperitoneally 10 exchange between the intra-and extravascular fluid days prior to the study, whereas 21 rats served as compartments. In glomerulonephritis the permselectivcontrols. Albumin clearance to tissues was measured ity of the glomerular capillaries is severely deranged. using a dual isotope technique. Repeated blood When advanced, heavy urinary protein losses ensue, samples as well as samples from various muscles, leading to a fall in plasma albumin, and hence, in kidney, liver, lung, heart, abdominal wall and from plasma oncotic pressure (COP p ). Traditionally, the ascites fluid were taken to determine radioactivity and pathogenesis of the generalized oedema seen in the tissue dry-to-wet weights. Clearance of albumin (Cl alb ) nephrotic syndrome is thought to be due to the reducfrom plasma to interstitium was calculated from the tion of COP p causing an altered Starling fluid equilib-( linear) increment in 'plasma equivalent tissue albumin rium and a redistribution of fluid from plasma to space' as a function of time, corrected for intravascular interstitium. According to this concept, intravascular volume and oedema. The plasma and urine concentra-volume is contracted, leading to the activation of the tions of albumin were determined in a parallel study renin-angiotensin-aldosterone system and to vasopresby single radial diffusion using monospecific rabbit sin release, and to a secondary state of sodium retenanti-rat antiserum in seven PAN animals and 13 tion. Peripheral oedema would then just be the logical controls.
be done since there is normally a linear increment in the model was employed to investigate whether transvascuplasma equivalent tissue albumin space as a function of time lar clearance of albumin (Cl alb ) is increased or not in during the early extravasation of tracer albumin to tissues extrarenal tissues in the nephrotic syndrome. The PAN- [7, 10] .
model was used, since it is assumed to mimic the The degree of oedema was calculated from dry-to-wet minimal-change nephrosis in man. Albumin extravasa-weight ratio of PAN-rat tissues (DW/WW ) P and those of tion into tissues was assessed in vivo using a dual control rats (DW/WW ) 0 from the formula:
albumin tracer technique to monitor intra-and extra-E={(DW/WW ) 0 /(DW/WW ) P −1}*100 vascular 'plasma equivalent' albumin spaces [6, 7] . In addition, whole-body plasma and blood volumes were The 'oedema factor', f E =1+E/100, was used to always standardize the extravascular albumin space to tissue dry assessed simultaneously.
weight (actually to the wet tissue weight before any oedema formation had occurred ), by multiplication of all extravascuMethods lar spaces by f E . Plasma volume (PV ) was calculated by dividing the total mass of radioactivity administered (at time zero) by the Female Wistar rats (175-215 g) were used. Eight rats were c.p.m. per millilitre plasma as extrapolated to time zero using given PAN, 15 mg/100 g body weight, intraperitoneally (i.p.) a monoexponential plot. Blood volume was calculated from 10 days prior to the study [8] , whereas 21 rats served as central haematocrit and PV after correction (using factor controls. The animals had been normally fed until the day 0.91) for total body haematocrit when assessed from central of study. Anaesthesia was given i.p. using pentobarbital haematocrit [11] . 30-50 mg/kg body weight. All the PAN-treated rats were
The plasma and urine concentrations of albumin were connected to a ventilator as well as eight of the control rats determined by single radial diffusion [12] using monospecific for comparison. Temperature was kept constant with the aid rabbit anti-rat antiserum ( Kemila, Sollentuna, Sweden). of a heater. The tail artery was cannulated and connected to Eight microlitres of undiluted plasma or urine was used and a polygraph (Grass Instruments Co, model 7B Quincy, MA, the plates were incubated in a humid chamber at 8°C for 3 USA) for continuous blood pressure monitoring using PE days. Purified albumin (Sigma Chemical Co., St Louis, MO, 50 tubing. The left carotid artery was cannulated for collec-USA) was used as standard. tion of blood samples and the right jugular vein for a slow
Results are given as medians and ranges. StatView infusion of saline (10 ml/kg body weight/h) throughout the ANOVA with post-hoc testing was used for statistical experiment. Proteinuria prior to the experiments was tested calculations. using dipsticks (AlbustixB, Miles Inc., Ekhart, IN, USA). In the present study animals were investigated only if the dipstick was 4+, which usually occurred 8-10 days after the PAN-injection. In a parallel study [9] performed to specific-Results ally study glomerular permselectivity, 13 control animals and seven PAN-treated animals were used for measurement of a The results are shown in Tables 1-3 . In summary, Cl alb number of plasma and urine proteins, of which only albumin was unchanged in the PAN-rats in comparison to is discussed here.
[125I ]HSA (Human serum albumin, Institut for space by time and correlated to 100 g of tissue. This could Table 2 . Dry-to-wet weights ratios and oedema in ml/100 g given as medians and ranges albumin, are actually needed for the maintenance of a normal capillary permeability. Circulating orosomucoid, for example, is needed to maintain a normal control rats in all muscles examined. In the viscera, charge selectivity of the microvascular barrier in skelonly the small bowel showed a significant decrease in etal muscle and glomeruli [16, 17] . Although there was Cl alb . As expected, the kidneys showed a marked and a sufficient reduction in serum orosomucoid highly significant increase in Cl alb . Apart from this (115-14 mg/l ) to theoretically induce increases in miconly the heart showed a slight increase of Cl alb . rovascular permeability, such alterations were not obviVentilated and non-ventilated animals did not differ ous from the present in vivo experiments. significantly with respect to Cl alb in any of the tissues Albumin is the main colloid responsible for plasma investigated. Thus, data from both ventilated and non-colloid osmotic pressure and the first line of defence ventilated control groups were pooled. against oedema formation. Marked hypoalbuminaemia Dry-to-wet weight ratios are shown in Table 2 . and a drop in COP p per se may thus cause marked Oedema formation was prominent in most tissues oedema formation according to the classical Starling except in limb muscles ( Table 2) , ranging from 2.6 to hypothesis. In a study of analbuminaemic rats, how-40.8 ml/100 g body weight. Blood and plasma volumes ever, no oedema was seen, possibly explained by a (BV, PV, Table 3 ) increased from 5.9±0.2 to compensatory increase in other plasma proteins, such 7.3±0.4 ml/100 g body weight (P=0.0003) and from as orosomucoid [18] . Renkin and co-workers [19] in 3.5±0.1 to 5.3±0.1 ml/100 g body weight (P<0.0001), a study of analbuminaemic rats found only slight respectively. Haematocrit decreased from 45% (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) differences in Cl alb versus normal controls, though there in the controls to 30% (28-38) in the PAN-rats were significant differences in a few individual tissues (P<0.0001). Ascites fluid was measured in four examined. The Cl alb values in that study and in an nephrotic animals and amounted to 19 ml (7.4-20) , earlier study [7] are very similar to ours, except for whereas in normals i. One must bear in mind that the individual clearance values not only reflect capillary permeability (P) but Discussion also the capillary surface area (S) and the microvascular pressure (P c ) [10, 20] . Concerning the microvascular surface area, PAN-nephrosis would hardly imply any The present study indicates that, despite the marked changes in S, at least not any reductions in this glomerular leakage of albumin in the PAN-induced parameter. If anything, S would be increased due to nephrotic syndrome, Cl alb in peripheral capillaries the plasma volume expansion (see below) and due to remains largely unaltered in the nephrotic syndrome. In other words, there is no evidence that the PAN-the low haematocrit in nephrosis, in analogy with the situation in uraemic patients, who have a low haemato-COP i . These changes may, at least partly, buffer the initial increases in transcapillary fluid filtration. Most crit [21] . Furthermore, there is no evidence for an altered capillary hydrostatic pressure in the nephrotic importantly, the pressure gradient across large pores is now reduced following the reduction in the transcasyndrome in general, at least not in man [5] . However, we cannot exclude that there is an increased capillary pillary hydrostatic pressure gradient. Thus, the increases in tissue pressure following hypoproteinaemia surface area and an increased capillary filtration coefficient [5] in our nephrotic animals, which is partly should result in a (slightly) reduced macromolecular transport from blood to tissue. offset by a reduced driving force, i.e. a reduced transcapillary hydraulic pressure gradient for albumin, caused
One possible source of error in this study is that the role of the 'lymphatic safety factor', i.e. the increase by the nephrotic oedema (see below).
The reason for the observed increase in plasma and in lymph flow in order to maintain the transcapillary oncotic pressure gradient, and thereby prevent oedema, blood volumes is not obvious, but is consistent with several other studies in humans [22] [23] [24] [25] [26] . One possible is unknown. Hollander [33], in a study of different patients with oedema of various aetiology, concluded explanation is that renal sodium retention during nephrosis leads to such increases. In acute experiments that albumin in accordance with the two-pore theory
[20] is removed from the tissues mainly by lymphatics. a reduction of plasma proteins has been shown to cause a fall in blood volume only when the hypoprotei-Furthermore, lymphatic flow is generally increased in various types of oedema, including those in liver cirrhonaemia is severe [27] , but on the contrary, in the chronic nephrotic syndrome an increase in blood sis and in the nephrotic syndrome. Conhaim calculated a several-fold increase in lymph flow in a study on volume is often found [22, 28] . Actually, Koomans et al. in their study of nephrotic patients [25] found a sheep with severe hypoproteinaemia [34] . In a more recent study by Paulson et al. [35] a significant increase small elevation of blood volume in overhydrated nephrotic patients, despite large variations in extracel-in intestinal lymph flow was demonstrated in nephrotic rats. One could then argue that any increase in transcalular fluid volume. It thus seems that the regulation of plasma volume has priority over the regulation of pillary albumin transport in nephrosis would be offset by an increased lymphatic drainage of tracer. However, interstitial fluid volume in this situation [25, 29] . The renal sodium retention in the PAN-nephrotic syndrome since the interstitial equilibrium distribution volume for albumin is quite large, at least in muscle has been studied by Ichikawa et al. [30] . PANnephrosis was induced by selective infusion of PAN (4-5 ml/100 g) [11] , and the transcapillary albumin clearance is low (0.005 ml/min), the initial drainage of into one kidney in rat experiments, while the other kidney was left intact. This caused Na-retention only tracer from tissue to lymph should be negligible during the present conditions. This is because the rate constant in the affected kidney, whereas Na excretion was normal in the control kidney.
of solute removal from the interstitium will be determined by Cl alb divided by the interstitial albumin Wraight [31] explained the preservation and even increase in plasma volume in hypoalbuminaemia as a distribution volume, i.e. here 0.005/5=1×10−3/min.
This holds if the interstitium functions as a well-mixed consequence of a decreased protein capillary 'permeability' in combination with a decreased interstitial fluid compartment. However, the situation may be different in tissues with a relatively small interstitial volume, protein concentration and (COP i ), implying an essentially maintained transcapillary osmotic gradient in and a high Cl alb such as in the lung [36 ] or intestine [37] . Furthermore, there may be preferential channels hypoproteinaemia. This is in line with the present data, but the findings should rather be understood in the existing between the capillary barrier and the lymphatics, with which tracer albumin may rather rapidly light of a heteroporous capillary membrane theory [20, 32] . In such a model the Starling fluid equilibrium equilibrate. In that case, there may have been removal of tracer from the tissues during the conditions of the is maintained across the microvascular walls due to the presence of a large number of protein selective present experiments. In a number of recent studies by Renkin and co-workers, this component was, however, small pores (of radius 4-5 nm) in the endothelium. Macromolecules, however, reach the interstitium considered to be small [38, 39] .
One previous study [5] has indicated the presence through a very small number of large pores (radius 25 nm). Across large pores there is no Starling equilib-of a moderately elevated filtration coefficient (LpS, hydraulic conductivity) in the calf in patients with rium, because of the low effective colloid osmotic pressure gradient prevailing across these pores norm-different types of the nephrotic syndrome. Since LpS is dependent of both permeability and surface area, it ally. Thus, there is always fluid filtration occurring through large pores, which is solely governed by the could not be determined whether either or both of these parameters had been affected. Possibly, as menhydrostatic pressure gradient between plasma and interstitium. In line with this theory, Rippe et al. [32] tioned above, the capillary surface area in e.g. muscle would be slightly increased in the nephrotic syndrome. showed a clear-cut proportionality between COP p and Cl alb at zero (or low) transcapillary net filtration rates. One cannot, however, rule out that at least part of the increment in LpS in nephrotic oedema may be a Thus, if plasma COP p is lowered while the P c is not markedly altered, then there will be an initially spurious one due to methodological errors inherent in the LpS determination. LpS is determined from the increased fluid filtration across the microvascular walls. This will lead to an increase in P i and a reduction in reasonably straight weight gain slope occurring some ratio: its constancy over a wide hematocrit range. J Clin Invest time after venous pressure elevation. This linear phase 1953; 32: 1309-1316 will occur earlier and with a greater slope in oedemat-12. Mancini G, Carnonara AO, Heremans JF. Immunochemical ous conditions than in non-oedematous conditions. quantitation of antigens by single radial immunodiffusion. 
This is because in oedematous conditions increases in

